Abstract: This study aims to reveal the cause of different weld formation quality for varying welding position in the GTAW (Gas Tungsten Arc Welding) of a thick-sheet aluminum alloy structure. The fluid flow characteristics of weld pools are investigated by CFD (Computational Fluid Dynamic) modeling and high-speed imaging for the climbing and flat welding positions, which correspond to the start and finish ends of the welds of the structure, respectively. Results show that the directions of gravity relative to weld pools may notably affect the fluid flows in weld pools for different welding positions. For flat welding, gravity will accelerate the fluid flow in the direction of sheet thickness only and in turn result in a high velocity downwards, which implies a good penetrating capability. Welds of good formation with smooth surface and consistent width can be produced under flat welding position. In contrast, for climbing welding, gravity will act on the molten metal in both the direction of sheet thickness and the lateral direction of the weld pool. As a result, the velocity in sheet-thickness direction is decreased, which implies a decreased penetrating capability. Meanwhile, the velocity backwards is increased in the top portion of the weld pool, which makes the molten metal apt to flow out of the weld pool. Both the decreased penetrating capability and the accelerated molten metal outflow would render the climbing welding process unstable, and result in welds of poor formation with uneven weld surface and inconsistent weld width. Based on the study, possible methods are proposed that could be used to improve the weld formation quality when welding thick-sheet aluminum alloys structures using various welding positions.
Introduction
Aluminum alloys have been widely used in manufacturing aeronautical and aerospace structures thanks to their high specific strengths and moderate cost. Gas tungsten arc welding (GTAW) is one of the main welding processes employed in welding such structures of aluminum alloys, within which complex three-dimensional (3D) weld paths may exist [1, 2] . In GTAW of such 3D welds, it is often impractical to realize and maintain the conventional flat welding position by manipulating the structures for fixed arc because of their large dimensions and/or weights. Instead, the posture of the welding torch is manipulated during welding according to the trajectory of a weld path while the structure is fixed and welded. Under such conditions, other welding positions, besides the flat welding position, are inevitable. However, it has been found that weld formation defects, such as poor bead surface appearance, inconsistent width and depth, undercuts, etc. are more apt to occur for welding positions (e.g., vertical welding) other than the flat position. This becomes even more serious when the aluminum alloy sheets are thick (with thickness greater than 5.0 mm) [3] . The welds with poor formation quality need be repaired, or even scraped when the defects are too serious, which then lead to increase in cost and waste of materials. Hence, it is imperative to investigate the causes and possible solutions to the poor weld formation in the GTAW of a thick-sheet aluminum alloy structure using varying welding positions.
As we know, the weld formation is closely related to the fluid flow behavior of molten metal in weld pools [4, 5] , which can be affected by the welding positions taken during welding. The horizontal welding position has been demonstrated to be more effective than flat welding position in reducing the weld formation defects of undercut and sagging when welding a thick high strength steel by laser beam [6] . This was attributed to the more desirable fluid flow state for the horizontal weld pool that resulted from the joint action of surface tension, recoiling pressure and gravity [7] . In contrast, in laser welding of Ti6Al4V titanium alloy, the flat welding position led to better weld profiles than the horizontal welding position, in terms of weld undercut, excess weld metal, and excess penetration [8] . In addition, for vertical welding positions, the undercuts of vertical up welds were greater than that of vertical down welds for the same welding parameters. Burn-through holes and inconsistent weld bead widths were formed in vertical up welds, which were absent in vertical down welds. All these phenomena were believed resulted from the different actions of gravity on the weld pool metals for different welding positions [9] . For gas metal arc welding (GMAW) of thick steel plates, it has been revealed through both numerical modeling and experimental observation that the welding positions (flat, overhead, and vertical) could significantly affect the fluid flow behavior and free surface profile of weld pools, which in turn result in different weld formation quality, in terms of humping, overflow, etc., due to the action of gravity [10] [11] [12] [13] . Numerical modeling by Zacharia et al. [14] indicated that completely different flow patterns might result from the different orientations of specimens in GTAW of the 6061 aluminum alloys. Studies by Kang et al. [15, 16] showed that the gravitational orientation could considerably influence the solidification microstructures in terms of the primary dendrite spacing in GTAW of an Al-Cu alloy. Despite existing research carried out on the influence of welding position on the welding quality in welding of steel and titanium alloys via laser and GMAW welding processes, no research has been reported so far on the characteristics of fluid flow behavior for different welding positions and their relationship with the weld formation quality in GTAW of thick aluminum alloy sheets.
In this paper, numerical modeling and experimental observations are carried out to investigate the fluid flow behavior of molten metal in weld pools, to reveal the cause and propose possible solutions to the poor weld formation in GTAW of a thick-sheet aluminum alloy structure with varying welding position.
Research Methodology

Structure and Materials
The aluminum alloy structure of this study is a section of spherical shell, as shown in Figure 1 , which is manufactured by butt-welding six smaller pieces of melon petals to each other. The structure is made of 2219 aluminum alloy sheets with a thickness of 9.5 mm, of which the chemical composition is listed in Table 1 . Each of the six welds in the structure is completed through two weld passes using the GTAW process. The first is the root pass without filler wire and bottom backing, and with helium as the shielding gas; the second is the cap pass made using a filler wire with the same composition as the base metal aluminum alloy, and with argon as the shielding gas.
Because the structure is huge (about 5 m in diameter), it is unpractical to rotate it to maintain a flat welding position that is generally adopted when welding such structures because of the extremely high power demands and poor positioning precision. Instead, the structure is fixed while the welding arc moves from the start (bottom) to the finish (top) ends of a weld, as shown in Figure  2 . In this way, the welding position keeps changing during the welding process. At the start end, a climbing welding position is assumed, which lies between the vertical up and flat welding positions, while, at the finish end, it is basically the flat welding position. In practice, it has been found that the poor weld formation mainly occurs at the starting end but not at the finish end during the root pass welding. Therefore, this paper aims mainly to study the formation quality and the fluid flow characteristics at these two extreme ends, i.e., climbing and flat welding positions, when welding the thick aluminum structure. Each of the six welds in the structure is completed through two weld passes using the GTAW process. The first is the root pass without filler wire and bottom backing, and with helium as the shielding gas; the second is the cap pass made using a filler wire with the same composition as the base metal aluminum alloy, and with argon as the shielding gas.
Because the structure is huge (about 5 m in diameter), it is unpractical to rotate it to maintain a flat welding position that is generally adopted when welding such structures because of the extremely high power demands and poor positioning precision. Instead, the structure is fixed while the welding arc moves from the start (bottom) to the finish (top) ends of a weld, as shown in Figure 2 . In this way, the welding position keeps changing during the welding process. At the start end, a climbing welding position is assumed, which lies between the vertical up and flat welding positions, while, at the finish end, it is basically the flat welding position. In practice, it has been found that the poor weld formation mainly occurs at the starting end but not at the finish end during the root pass welding. Therefore, this paper aims mainly to study the formation quality and the fluid flow characteristics at these two extreme ends, i.e., climbing and flat welding positions, when welding the thick aluminum structure. Each of the six welds in the structure is completed through two weld passes using the GTAW process. The first is the root pass without filler wire and bottom backing, and with helium as the shielding gas; the second is the cap pass made using a filler wire with the same composition as the base metal aluminum alloy, and with argon as the shielding gas.
Because the structure is huge (about 5 m in diameter), it is unpractical to rotate it to maintain a flat welding position that is generally adopted when welding such structures because of the extremely high power demands and poor positioning precision. Instead, the structure is fixed while the welding arc moves from the start (bottom) to the finish (top) ends of a weld, as shown in Figure  2 . In this way, the welding position keeps changing during the welding process. At the start end, a climbing welding position is assumed, which lies between the vertical up and flat welding positions, while, at the finish end, it is basically the flat welding position. In practice, it has been found that the poor weld formation mainly occurs at the starting end but not at the finish end during the root pass welding. Therefore, this paper aims mainly to study the formation quality and the fluid flow characteristics at these two extreme ends, i.e., climbing and flat welding positions, when welding the thick aluminum structure. Computation fluid dynamics (CFD) software ANSYS Fluent (version 13.0) was used in this study to simulate the root pass GTAW process of the spherical shell ring structure, and the fluid flow characteristics of molten metal in weld pools were investigated for the climbing and the flat welding positions shown in Figure 2 .
Considering the diameter of the shell structure (about 5 m) is much larger than its thickness (9.5 mm), the welding processes at both start and finish ends of the panel sheets were simplified as butt welding of flat sheets, i.e., the curvature of sheets was neglected in modeling. Moreover, the top and bottom surfaces of the weld pools were assumed to be flat and not deformable in simulations, as the existing studies showed that such a simplified model could still be used effectively to reveal the correlations between the weld formation and the fluid flow [6] .
A tungsten arc is fixed at a position above the top surface of a workpiece, while the workpiece moves at the welding speed being used, as shown in Figure 3 . In addition, as the workpieces and heat source (welding arc) are symmetrical about the central plane of a butt joint, only one half of the weld joint was included in the numerical model. The dimensions of the computation domain are 50 × 25 × 9.5 mm 3 , and the minimum cell in the model is 1.0 × 1.0 × 0.95 mm 3 . A mesh-independency study was performed, in which a one-half smaller mesh (0.5 × 0.5 × 0.475 mm 3 ) was also used. The differences in the results from two meshes were within 1.5%, indicating the mesh used in the study was fine enough. 
CFD Analysis
Computational Model
Computation fluid dynamics (CFD) software ANSYS Fluent (version 13.0) was used in this study to simulate the root pass GTAW process of the spherical shell ring structure, and the fluid flow characteristics of molten metal in weld pools were investigated for the climbing and the flat welding positions shown in Figure 2 .
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Governing Equations
Fluid flow in the molten metal is assumed to be Newtonian, incompressible and laminar. The two phases (solid and liquid) are solved in a single computational domain. The governing equations describing the heat and mass transfers during the gas tungsten arc welding processes are as follows: 
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The continuity equation:
The momentum equation, in the x axis:
The momentum equation, in the y axis:
The momentum equation, in the z axis:
The energy equation:
where u, v and w are the components of velocity in three directions; ρ, P, H, k and µ denote the density, pressure, enthalpy, thermal conductivity and viscosity, respectively; and S m , S x , S y , S z and S H denote the source terms of the continuity equation, momentum equations, and energy equation, respectively. In the present study, S m is zero because the mass interchange between the computational zone and the environment is negligible in the GTAW welding process. The source terms for the energy equation and the momentum equations are detailed below.
Boundary Conditions (1) Thermal boundary conditions
In GTAW welding process, the two workpieces to weld are first melted locally under the heat input from the welding arc between the tungsten electrode tip and the workpieces, and then the molten metals solidify to form a weld that joins the workpieces together. In the simulation, the heat input from the welding arc was modeled using a Gaussian body heat source, in which the heat flux took a Gaussian distribution in radial direction, while the peak heat flux diminished linearly in sheet thickness direction. The expression of the heat input is as follows [17] :
where q is the heat flux (W/mm 3 ) of heat source, r is the distance to the center of heat source, r 0 is the radius of the heat source, z is the coordinates in sheet thickness direction, h is the sheet thickness, Q is the output power of the power source (i.e., product of electric current I and electric voltage V), and η is the thermal efficiency. The values of the parameters used in simulation are listed in Table 2 .
Forced convection boundary conditions were applied on the regions of top and bottom surfaces in contact with the fixture, while natural convection boundary conditions were applied on the surfaces exposed to the environment. The convection coefficients used in simulation are also given in Table 2 . (2) Arc pressure
The arc is not only a heat source to melt metals, but also a pressure source in GTAW, which may affect the movement of molten metals in the weld pool. A Gaussian distribution of the arc pressure was assumed in the study as follows [18, 19] :
In Equation (2), µ 0 is space permeability, I is the welding current, r is the distance to the arc center, and r p is the radius of pressure source.
(3) Surface tension
The dependence of surface tension of molten metal on temperature for the 2219 aluminum alloy was assumed to obey the expression [20] :
where T is the temperature in Kelvin. In the CFD modeling, to account for the effect of Marangoni stress on the fluid flow of molten metal in weld pools, the thermal gradient of the surface tension was set to be −0.35 × 10 −3 N/(m·K).
(4) Gravity
With the numerical models established, the welding processes under climbing and flat welding positions were numerically studied. Different welding positions were realized by changing the directions of gravity action relative to the orientation of workpieces. For flat welding, the gravitational acceleration (g) is totally in the minus z direction, while, for climbing welding, the gravity has two components, i.e., g x and g z , in the minus x and minus z directions, respectively.
Experiments
Experiments were also carried out to study the weld bead formation quality in GTAW of the 9.5 mm thick 2219 aluminum alloy sheets, in which butt welds of 200 mm long were produced at the start and the finish ends of the shell structure, respectively. The dimensions of the produced workpieces were 200 × 200 × 9.5 mm 3 . Meanwhile, high speed imaging system was employed to observe the weld pools. Figure 4 shows the equipment setup used in this study.
A Swiss made Photonfocus MV-D1024E-160CL high-speed camera was used in experiments, which was fixed to the welding torch and monitored the weld pools on line from behind. A band pass filter was employed to diminish the interference from electric arc light. The filter of type FB660-10 from Thorlabs was fixed in front of the high speed camera lens, of which the central wavelength was 660 nm and the full width at half maximum was 10 nm. A resolution and frame rate of 512 × 256 pixels and 250 fps were used, respectively. The videos recorded were processed and analyzed to validate the CFD model being developed, as well as to study the dynamic variations of weld pool dimensions during welding. Table 3 lists the process parameters used in the experiments. A Swiss made Photonfocus MV-D1024E-160CL high-speed camera was used in experiments, which was fixed to the welding torch and monitored the weld pools on line from behind. A band pass filter was employed to diminish the interference from electric arc light. The filter of type FB660-10 from Thorlabs was fixed in front of the high speed camera lens, of which the central wavelength was 660 nm and the full width at half maximum was 10 nm. A resolution and frame rate of 512  256 pixels and 250 fps were used, respectively. The videos recorded were processed and analyzed to validate the CFD model being developed, as well as to study the dynamic variations of weld pool dimensions during welding. Table 3 lists the process parameters used in the experiments. 
CFD Simulation Results
Temperature Fields for Different Welding Positions
The weld pools, i.e., the regions with temperatures above the melting point of the 2219 aluminum alloy (815 K), for flat (finish) position and climbing (start) position are shown in Figures 5  and 6 , respectively, after the welding processes have reached the quasi-steady state. For a better comparison, Table 4 lists the dimensions of the weld pools numerically predicted for the flat and the climbing welding positions. It can be found that, for both welding positions, the width and length of the top surface of the weld pool are slightly larger than those of the bottom surface. The temperatures on the top portion of the weld pool under the climbing welding condition (with a maximum temperature of 1678 K) are a bit higher than that with flat position (with a maximum temperature of 1653 K), which result in larger length and width of the top surface for the climbing weld pool than the flat weld pool. The changes in the length and width of the bottom surface of the weld pool are not as significant as top surface when the welding positions are changed, although a reduced high temperature region (with temperatures greater than 909 K) can be noted. As a result, the dimensions 
Results
CFD Simulation Results
Temperature Fields for Different Welding Positions
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Velocity Fields under Different Welding Positions
The velocity fields for the flat welding position and the climbing welding position are shown in Figures 8 and 9 , respectively, when the welding processes have reached the quasi-steady state.
For the flat welding position, there exist high velocities downwards at the central part of the weld pool, which indicates the molten metal flows appreciably in thickness direction under the joint action of surface tension, gravity and arc pressure. Obviously, such a flow pattern is favorable to the increase in weld depth, while too significant downward fluid flow may result in defects such as excessive weld sagging and burn-through holes, and therefore should be avoided.
Compared to the flat welding, the fluid flow in the sheet thickness direction is weakened when welding with the climbing position, while the fluid flow afterwards (in -x direction), or in the lateral direction, is reinforced under the action of gravity. The velocity is the maximum in the lateral direction afterwards, indicating the fluid flow is the more significant in this direction than that in the sheet thickness direction for the welding conditions studied. Such a flow pattern leads to a longer and wider top surface of weld pool and shift the weld pool slightly behind the flat case, as shown in the preceding figures. The velocity fields for the flat welding position and the climbing welding position are shown in Figures 8 and 9 , respectively, when the welding processes have reached the quasi-steady state.
Compared to the flat welding, the fluid flow in the sheet thickness direction is weakened when welding with the climbing position, while the fluid flow afterwards (in -x direction), or in the lateral direction, is reinforced under the action of gravity. The velocity is the maximum in the lateral direction afterwards, indicating the fluid flow is the more significant in this direction than that in the sheet thickness direction for the welding conditions studied. Such a flow pattern leads to a longer and wider top surface of weld pool and shift the weld pool slightly behind the flat case, as shown in the preceding figures. 
Experimental Results
Dimensions of Weld Pools for Different Welding Positions
By using the high speed imaging system, videos were taken for the weld pools when welding with flat and climbing welding positions. Images from the videos were processed to obtain the features (mainly dimensions in this study) of weld pools, as shown in Figure 10 . The main steps of imaging processing include:
(1) Denoise through weighted average of gray levels of adjacent images. 
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Experimental Results
Dimensions of Weld Pools for Different Welding Positions
(1) Denoise through weighted average of gray levels of adjacent images. Using the aforementioned algorithms, the variations of the lengths and widths of weld pools during climbing welding and flat welding were obtained, as shown in Figure 11 . The weld pool lengths for climbing welding (start end of a weld) are about 12.9 mm, which are longer than the flat weld pool (at the finish end of the weld) with lengths varying within a range of 10-11 mm and averaged at 10.7 mm. The widths of the weld pools for climbing and flat welding positions are 10.7 mm and 10.3 mm, respectively.
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Discussion
In GTAW of the thick-sheet aluminum alloys structure shown in Figure 1 , the welding position changes from the climbing position to the flat position. The fundamental difference between these two positions is the orientation of weld pool relative to gravity, as shown in Figure 13 . In climbing welding, the gravity action on the weld pool has two components, one is perpendicular to the sheet surface (in sheet thickness direction) and the other is parallel to the sheet surface (lateral direction). In contrast, when flat welding, the gravity acts on the weld pool only in the sheet thickness direction, while the component parallel to the sheet surface is zero. Such a difference in the gravity action direction has a notable influence on the flow of molten metal in the weld pool and weld formation quality as revealed in this study, which is similar to those reported for the welding of steel and titanium alloys by laser and GMAW welding processes. 
In GTAW of the thick-sheet aluminum alloys structure shown in Figure 1 , the welding position changes from the climbing position to the flat position. The fundamental difference between these two positions is the orientation of weld pool relative to gravity, as shown in Figure 13 . In climbing welding, the gravity action on the weld pool has two components, one is perpendicular to the sheet surface (in sheet thickness direction) and the other is parallel to the sheet surface (lateral direction). In contrast, when flat welding, the gravity acts on the weld pool only in the sheet thickness direction, while the component parallel to the sheet surface is zero. Such a difference in the gravity action direction has a notable influence on the flow of molten metal in the weld pool and weld formation quality as revealed in this study, which is similar to those reported for the welding of steel and titanium alloys by laser and GMAW welding processes. For flat welding, the metal flows dominantly downwards, and the velocity magnitudes are largest in the middle region of the weld pool. Such a flow pattern indicates a high penetrating capability, which is very critical in welding thick sheets. Excessive downward movement of molten metal at the bottom, however, may lead to weld sagging and should therefore be avoided, as found for not only the aluminum alloy in this study, but also steels and titanium alloys reported in other research [6, 8] . For climbing welding, fluid flow is enhanced in lateral direction (afterwards), which results in a longer weld pool and makes the molten metal apt to flow out of the weld pool and form uneven weld surface. Meanwhile, the velocity is decreased in thickness direction, which leads to a weakened heat transfer between the top and the bottom portions of the weld pool and a decreased penetrating capability. This is manifested by the higher temperatures on the top portion and a smaller high-temperature region (with temperature higher than 909 K) at the bottom part of the climbing weld pool. Both the accelerated lateral metal outflow and the decreased penetrating capability could make the weld pool unstable, and finally lead to inconsistent weld bead when climbing welding.
To obtain good weld formation in climbing welding, it is therefore necessary to maintain enough penetrating capability and avoid excessive lateral flow of molten metal. One possible measure that may be taken is to employ an electrode with a sharper tip (smaller tip angle), which may generate a For flat welding, the metal flows dominantly downwards, and the velocity magnitudes are largest in the middle region of the weld pool. Such a flow pattern indicates a high penetrating capability, which is very critical in welding thick sheets. Excessive downward movement of molten metal at the bottom, however, may lead to weld sagging and should therefore be avoided, as found for not only the aluminum alloy in this study, but also steels and titanium alloys reported in other research [6, 8] . For climbing welding, fluid flow is enhanced in lateral direction (afterwards), which results in a longer weld pool and makes the molten metal apt to flow out of the weld pool and form uneven weld surface. Meanwhile, the velocity is decreased in thickness direction, which leads to a weakened heat transfer between the top and the bottom portions of the weld pool and a decreased penetrating capability. This is manifested by the higher temperatures on the top portion and a smaller high-temperature region (with temperature higher than 909 K) at the bottom part of the climbing weld pool. Both the accelerated lateral metal outflow and the decreased penetrating capability could make the weld pool unstable, and finally lead to inconsistent weld bead when climbing welding.
To obtain good weld formation in climbing welding, it is therefore necessary to maintain enough penetrating capability and avoid excessive lateral flow of molten metal. One possible measure that may be taken is to employ an electrode with a sharper tip (smaller tip angle), which may generate a more concentrated arc and higher arc pressure, and then lead to improved weld pool stability and better weld formation. For welding with constantly changing welding positions, it may also be necessary to adjust manually or automatically the welding parameters (e.g., welding current and voltage) based on the on-line monitoring of the penetration state during welding process. Moreover, high-energy laser beams can be employed in combination with the tungsten arc to form a more penetrating and robust hybrid welding process in welding thick aluminum alloy sheets with changing welding positions.
Conclusions
Fluid flow characteristics and their relationship with the weld formation quality were studied for the GTAW of a 9.5 mm thick-sheet 2219 aluminum alloy shell structure, during which various welding positions are used. Based on the study, the following conclusions can be drawn:
(1) The orientations of weld pools relative to gravity are different for different welding positions. When climbing welding at the start end, gravity acts on the weld pool not only in sheet thickness direction but also in the direction parallel to the sheet surface. In contrast, when flat welding at the finish end, gravity only contributes to the fluid flow in sheet thickness direction.
(2) Compared to the flat welding position, the weld pool is shifted afterwards under gravity action, and a longer and wider top surface of the weld pool is generated for the climbing welding position than that of flat welding position. Meanwhile, lengths and widths of the bottom surfaces of the weld pools are close for the two welding positions.
(3) In comparison to that of flat welding, the fluid flow velocity in lateral (weld pool length) direction increases while the velocity in sheet thickness direction decrease when climbing welding. Such changes in velocities will result in decreased penetration capability and therefore unstable fluid flow in weld pool, and in turn poor weld formation quality (uneven weld surface and inconsistent weld width). 
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